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Interest in the photochemistry and spectroscopy of polycyclic aromatic nitrogen heterocycles (PANHs) arises in many areas including their purported presence in interstellar media through to their activity in functional materials. There is significant discussion around the proposed role of nitrogen heterocycles in interstellar and extraterrestrial environments. It has been long postulated that polycyclic aromatic hydrocarbons (PAHs) may be responsible for unassigned features (the di↵use interstellar bands, DIBs) in the emission spectrum of the interstellar medium (ISM) 1 and it has been suggested that these bands could indicate the presence of nitrogen heterocycles. 2 Small polycyclic aromatic nitrogen heterocycles (PANHs) like quinoline readily dissociate under exposure to interstellar radiation 3 and there is thus an interest in their photochemistry as they produce reactive photoproducts that may contribute to the composition of the ISM. Furthermore, quinoline and isoquinoline have been detected on meteorites, 4,5 may exist in the atmosphere of Titan 6 and could be involved in the chemical origin of life. 7 Back on Earth, PANHs have been incorporated into functional materials such as organic photovoltaics, 8, 9 where there is a clear need to understand their photochemistry and spectroscopy. Ultimately, there is fundamental interest in the electronic spectroscopy of protonated polycyclic aromatic compounds due to their often observed chargetransfer character. 10, 11 Quinoline and isoquinoline are shown as their protonated cations, quinolineH + and isoquinolineH + , in Fig. 1 . A significant body of knowledge exists for the electronic spectroscopy of neutral quinolines, 12-14 the quinoline radical cations, 15 and protonated methylquinolines. 16 However, the electronic spectroscopy of isolated protonated quinolines is less reported on. This manuscript reports the electronic photodissociation action spectroscopy of quinolineH + and isoquinolineH + in the gas-phase. Two broad bands exhibiting some vibronic structure are observed in the ultraviolet. One band spans the region 370 -285 nm, primarily from the loss of 27 Da (consistent with HCN) and the other band spans 250 -220 nm and results mostly from the phenylium cation photoproduct (m/z 77). Photoproduct energy calculations also show that, for the most part, at least two photon excitation is required for dissociation of both ions. Time dependent-density functional theory (TD-DFT) calculations assist in the interpretation of these spectra and the features are assigned to the S 1 S 0 , S 2 S 0 and S 3 S 0 in quinolineH + and S 1 S 0 and S 3 S 0 in isoquinolineH + . The electron density di↵erences, as predicted by the TD-DFT calculations, suggests all bands are of ⇡⇡ ⇤ character with some evidence for charge transfer from the homocycle to the heterocycle. The laser-power dependence of the photodissociation yield suggests that photodissociation occurs following the absorption of two photons with tentative evidence for a minor single-photon process at higher energies.
Methods

Experimental
The instrumentation and method are described in detail elsewhere 17 and a brief overview is provided here.
Photodissociation action spectroscopy experiments were performed using a linear quadrupole ion trap (QIT) mass spectrometer (Thermo Fisher Scientific LTQ) coupled to a tunable laser system. This laser system comprised a midband optical parametric oscillator (OPO) (GWU-Lasertechnik flexiScan) that was pumped by the third harmonic (355 nm) of a 10 Hz, ⇠5 ns pulsewidth Nd:YAG laser (Spectra-Physics QuantaRay INDI). This OPO setup is supplied with a frequency conversion unit (GWU-Lasertechnik uvScan) in which ultraviolet light was generated. For the wavelength range 340 -220 nm, The OPO signal output (visible) was frequency-doubled (second harmonic generation (SHG)). For wavelengths near to the pump photon energy (355 nm), and thus on resonance with the OPO cavity, ultraviolet photons were generated through sum-frequency generation (SFG) using the OPO signal output and the residual light of the Nd:YAG fundamental harmonic (1064 nm). This SFG output was then frequency-doubled to generate ultraviolet photons in the wavelength range 370 -320 nm and allowing for 20 nm of overlap between the two harmonic generation methods. Approximately 1 mJ (10 mW @ 10 Hz) of energy was available per SHG pulse and 4-8 mJ per SFG pulse. The PD action spectra are normalised to laser power measured using a Gentec UP17P-6S-W5 power meter. Calibration of the OPO wavelength used a fibre optic picko↵ placed before the frequency conversion unit and coupled to a wavelength meter (Toptica HighFinesse WS5). For power dependence studies, the laser power was attenuated using ultraviolet (UV) neutral density filters (Thorlabs NUK01).
Methanolic solutions (10 µM) of quinoline/isoquinoline were introduced into the mass spectrometer by electrospray ionisation (ESI) to generate the gas-phase protonated cations. These cations were transferred into the ion trap, where they are mass-selected and stored. It is expected that the trapped ions become thermalised to near-ambient temperature from collisions with the helium bu↵er gas (2.5⇥10 3 Torr).
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Once the target m/z ion population is isolated and stored in the ion trap, a single pulse from the OPO system irradiates the ion cloud along the principle axis. The QIT is then scanned out and a photodissociation mass spectrum is recorded containing photoproduct ion and remaining precursor ion peaks. A photodissociation yield is calculated as the ratio of the photoproduct peak (or peaks) area to the total ion count (TIC). The OPO is then configured to the next wavelength ( = 0.1 nm) and the process repeated.
The photoproduct yield is plotted as a function of wavelength to construct the photodissociation action spectrum. The entire process is automated using control software (National Instruments LabVIEW). The PD action spectra reported here are the average of two complete spectra using a wavelength step size of 0.1 nm with ⇠80 mass spectra (30 s of acquisition time) averaged at each wavelength. Because isobaric ions were investigated, care was taken to ensure that there was no isomeric contamination of the ESI infusion line, the ESI source interface and the ion optics.
Computational
The Gaussian 09 software suite was used for all of the electronic structure calculations. 19 TD-DFT [20] [21] [22] [23] [24] [25] [26] calculations used the CAM-B3LYP functional 27 and the augmented correlation-consistent polarised double-⇣ (aug-cc-PVDZ) basis set. [28] [29] [30] CAM-B3LYP with a double-⇣ basis set has been shown to be a high-performing functional for vibronic calculations. 31, 32 Franck-Condon absorption spectra were simulated from the unscaled DFT/TD-DFT normal modes and optimised structures using PGOPHER 7. As will be shown, photodissociation was observed for quinolineH + and isoquinolineH + across two dif-ferent ultraviolet wavelength regions with di↵erent PD channels and photoproduct branching fractions.
Both species exhibited a low energy band between 370 -285 nm (27 000 -35 000 cm 1 ) and the high energy band between 250 -220 nm (40 000 -45 500 cm 1 ). Firstly, photodissociation mass spectra are shown for each band in Fig. 2 . Fig. 2a shows the photoproducts formed when a mass-selected, trapped population of quinolineH + cations (m/z 130) is irradiated with a 340 nm laser pulse (i.e. within the low energy band). The dominant photoproduct occurs at m/z 103 and is consistent with the loss of HCN.
HCN is a stable, closed-shell neutral species and a familiar coproduct in the photodissociation of nitrogen heterocycles. [42] [43] [44] [45] [46] The ion at m/z 128 can be rationalised by the loss of molecular hydrogen (H 2 ).
This channel has also been characterised for monocyclic, protonated nitrogen heterocycles and, in those cases, results in a hyperconjugated hetaryne cation. Each spectra is compared to an annotated simulation described in the text.
Photodissociation action spectra were measured for the low and high energy UV bands of quinolineH + and isoquinolineH + by recording PD mass spectra, such as those shown in Fig. 2 , across each broad wavelength range at = 0.1 nm. Because the PD action spectra are constructed from mass spectra, every product channel is recorded for each laser pulse. These PD action spectra are presented for the low energy band in Fig. 3 and for the high energy band in Fig. 4 . The assignments and annotations are described later in section 0.4. When examining the m/z 103 channel in Fig. 3a (blue) , the 370 -280 nm band of quinolineH + begins with a gradual onset to a low-intensity, broad feature that peaks at around 27 900 cm 1 . This peak leads a progression with a repeated spacing of ⇠500 cm 1 . These features become less prominent as a broad, structureless and intense feature (centred at 32 000 cm 1 ) eventually dominates. Initially, the other two plotted PD fragmentation (m/z 128 and 77) channels follow the same trends at lower intensities. Interestingly, the m/z 77 (dark red) channel exhibits a more gradual onset for the dominant broad feature and eventually equals the maximum intensity of and outcompetes the H 2 -loss channel (green). By 290 nm, m/z 77 becomes the dominant photoproduct channel.
For isoquinolineH + (Fig. 3b) , the m/z 103 channel is the most intense and also displays some vibronic detail. This signal exhibits a gradual onset to a low-intensity feature centred around 27 500 cm 1 , about 400 cm 1 lower in energy than the first feature in the quinolineH + spectrum. As in the quinolineH + case, this feature begins a progression with at least eight more peaks occurring roughly every 500 cm 1 . Many of these features also appear to have a shoulder feature approximately 100 cm 1 higher in energy. In contrast to the quinolineH + spectrum in Fig. 3a , the structureless dominant feature is absent in the isoquinolineH + spectrum and the low energy band returns to its baseline by 300 nm (33 000 cm 1 ).
The PD action spectrum for the high energy band of quinolineH + is shown in Fig. 4a Compared to the quinolineH + spectrum in Fig. 4a , it shows similar wavelength-dependent photodissociation The comparison to a simulation and the assignments are described in the text.
and is slightly red-shifted -the first feature is centred around 42 500 cm 1 .
Spectral Analysis
The TD-DFT model used to simulate the experimental spectra predicted the first five low-lying singlet three lowest unoccupied molecular orbitals (LUMO, LUMO+1 and LUMO+2). On comparison with the occupied orbitals in Fig. 5 , each of these unoccupied MOs represents a more localised ⇡ electron system. about 2000 cm 1 higher in energy than the first feature in low energy band PD action spectrum, Fig. 3a . A Franck-Condon absorption spectrum into this electronic state was simulated using the unscaled TD-DFT results and PGOPHER 7.1. The most active normal modes in the vibronic spectra were found to all be in-plane (a 0 ) ring deformations, a familiar result in aromatic electronic spectroscopy. These normal modes are shown schematically in Fig. 6 . The simulated spectrum for the S 1 S 0 transition is overlaid upon the experimental low energy band spectra in Fig. 3a . The simulated spectrum has been linearly red-shifted Although the band spacings predicted by TD-DFT appear reasonable, the simulated and measured spectral intensities do not agree. The intensity profile of the absorption spectrum may be modulated significantly by dissociation processes. It has been shown for the pyridineH + cation, from which quinolineH + and isoquinolineH + are derived, that the dominant features and band spacings are conserved between photodissociation and rare gas tagging measurements but the PD action spectrum signal increases with photon energy (i.e. shorter wavelengths) and is raised o↵ the baseline with a broad envelope.
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The intense broad and unfeatured band centred around 32 000 cm 1 is not predicted by this simulation. Table 1 lists a second electronic transition, to S 2 , with a vertical excitation energy approximately 3500 cm 1 higher than that to S 1 . The oscillator strength is also expected to be about 2.5x greater for this S 2 S 0 transition. These two predicted properties support the assignment of the broad feature in Fig. 3a as the S 2 S 0 transition. Although the S 2 electronic state optimised to a bound geometry, this broad feature displays no finer details. This suggests that there might be dynamical di↵erences between the deactivation of the S 1 and S 2 electronic states. As there were no finer details resolved in the experiment, the FC absorption spectrum was not simulated for this transition. These energies are lower than those predicted for quinolineH + , in accord with the observed red shift discussed above. For these ions, the TD-DFT method predicted relative energies in accord with the experimental results, however, the absolute energies were less accurate. The calculated oscillator strength for the S 2 S 0 transition in isoquinolineH + (0.0011) is an order of magnitude lower than that of the S 1 S 0 transition (0.0699). This provides further support for the above assignment and also demonstrates a case where a pronounced spectral feature can be switched o↵ by a minor structural perturbation. Exchanging a protonated aryl nitrogen and a sp 2 carbon leads to an isoelectronic ion. This significant di↵erence in both photoproduct abundance and partitioning presents a structurally-diagnostic measurement that could be used to identify isomers of protonated quinoline -particularly around 300 nm. The vibronic FC absorption spectrum was also simulated for the S 1 S 0 transition in isoquinolineH + .
This simulation was red-shifted 2455 cm 1 and plotted with the experimental measurement in Fig. 3b . The low energy part of this simulation is magnified in Fig. 7 . The experimental line spacings are reproduced by a progression in the ⌫ 31 (a 0 ) normal mode (see Fig. 6 ). The unscaled predicted frequency for this mode is Because the TD-DFT method yielded a simple description of the two lowest-lying excited states that could be used to recreate and understand the experimental low energy band, a similar attempt was made for the S 3 S 0 transition. The adiabatic/vertical transition energies in Tables 1 & 2 Fig. 4 .
The FC absorption spectrum simulations are shown overlaying the experimental spectra in Fig. 4 . These simulations were shifted 4147 cm 1 (quinolineH + ) and 3994 cm 1 (isoquinolineH + ) lower in energy from the predicted TD-DFT origin values and are also dominated by the in-plane ring deformations illustrated in Fig. 6 . Both spectra are characterised by the first intense feature appearing as a pronounced peak that is separated from the remainder of the congested vibronic transitions. From the simulation this can be assigned as the electronic origin transition (0 showing that the TD-DFT method can provide good estimates for vibrational spacing in both the ground and excited electronic states.
Discussion of the Electronic States
It has been recently reported that electronic transitions of protonated polycyclic aromatic hydrocarbons often possess a strong charge-transfer character -especially when the system has an even number of rings.
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When exploring the character of an excited state, it is helpful to examine the di↵erences between the excited and ground state electronic densities. These are shown in Fig. 8 for the three lowest-lying excited states of both isomers. These surfaces represent the subtraction of the ground state DFT density from an excited state electronic density where grey indicates a volume of decreased density and blue of increased density.
The S 1 S 0 transitions in quinolineH + (Fig. 8a ) and isoquinolineH + (Fig. 8d) This electronic state also results from a multiplet excitation (Tables 1 & 2) but the movement of electrons can be characterised from the density di↵erences in Fig. 8 . This transition involves some redistribution of electronic density from the homocycle to the heterocycle. For the low energy band, where HCN loss is dominant, the enthalpies of six photoproduct channels have been calculated using the CBS-QB3 method, shown in Fig. 9 . The bicyclic photoproducts are resonance stabilised and reside between 37 000 and 38 000 cm 1 . The styrene derivative cations lie higher in energy:
Product Channels
when the aromatic phenyl ring remains intact, this channel requires more than 39 000 cm 1 of energy and when a carbocation is incorporated in the ring ⇠45 000 cm 1 is required. We note that the CBS-QB3 method optimises the styrene derivative with a terminal carbocation, (phenyl)-CH=CH + , to the lowest energy bicyclic structure shown in Fig. 9 . The single-photon (h⌫) and two-photon (2h⌫) energy ranges are labelled on the vertical axis and bracket all of the photoproduct channel enthalpies. The lowest energy product channel requires energy about 7 500 cm 1 greater than that of the most energetic low energy band photon while the highest energy channel is more than 3 500 cm 1 below the two-photon energy range.
The low energy band cannot be the result of single photon dissociation. Two photons however, exceed the relative enthalpies of all photoproduct channels located. Power dependence measurements of photofragmenation can provide insight into the absorption process.
The absorption of an ion population, A, will vary according to the intensity of the input light (i.e. the laser power), I, according to the relationship
where 1 is the linear absorption cross-section, 2 the two-photon absorption cross section, and so on.
Thus, if one process is dominant, the response of absorption (and therefore photodissociation) to laser power will be either linear, quadratic, cubic, et cetera, depending on the number of photons involved. The power-dependencies are not as well-described by an optimised quadratic function as those for the low energy band. Instead, the response to laser power is better represented by a power function y = ax 1.6 . This suggests that photodissociation within this band may be accessible with a single photon yet still occurs dominantly by a two-photon process.
Conclusions
The electronic photodissociation action spectroscopy has been recorded, in the gas-phase, for quinolineH + and isoquinolineH + . This dataset expands the library of existing knowledge to include the protonated quinoline spectra amongst that of neutral, substituted and radical cation quinoline derivatives. It is shown that both isomers contain two broad, vibronically-structured bands in their electronic spectra with a wavelength-dependence of the photoproduct branching fractions. The low energy band spans 370 -285 nm and is dominated by a photodissociation mass channel consistent with HCN (27 Da) loss. The high energy band spans 250 -220 nm and the measured signal arises primarily from the detection of the phenylium cation (C 6 H + 5 ). The low energy band is assigned to the two closely-lying S 1 S 0 and S 2 S 0 transitions in quinolineH + , and to the S 1 S 0 transition in isoquinolineH + . The spectra are most di↵erent, in both intensity and photoproduct partitioning, across the region 310 -300 nm, presenting a possible structurally-diagnostic measurement that could be used to identify either protonated quinoline isomer amongst a m/z 130 ion population. The S 1 electronic origins have been measured to be 27 900 cm 1 and 27 500 cm 1 for quinolineH + and isoquinolineH + , respectively. The S 1 state vibrational frequency of the ⌫ 31 (a 0 ) mode has been measured to be approximately 500 cm 1 for both isomers and harmonic at up to five and eight quanta of excitation in quinolineH + and isoquinolineH + , respectively. The experimental frequency for the ⌫ 30 (a 0 ) normal mode in isoquinolineH + is about 600 cm 1 . The high energy band has assigned electronic origins at 42 100 cm 1 (quinolineH + ) and 42 500 cm 1 (isoquinolineH + ), exhibits little resolvable structure and is attributed, in both cases, to the S 3 S 0 transition. Finally, due to the broad spectral features in the action spectra, the accuracy of electronic origin determinations are likely to be significantly improved with colder ions.
